ABSTRACT
INTRODUCTION
Hepatocellular carcinoma (HCC) is the third most common cause of cancer-related death in the AsiaPacific region. In particular, China accounts for about 50% of all HCC cases worldwide because of high prevalence of hepatitis B viral (HBV) infection [1] . Liver transplantation (LT) is a rational therapeutic option for HCC patients because it addresses the cancer and also treats the underlying liver disease. Considering the shortage of liver donor and long-term survival, in 1996, Mazzaferro, et al. proposed the widely accepted liver transplantation criteria-the Milan criteria (Single tumor ≤5 cm in size or ≤3 tumors each ≤3 cm in size, and no macrovascular invasion) [2] . Patients within the Milan criteria could achieve 5-year survival of above 70% [3] . Recently, expanded criteria had been proposed, such as UCSF criteria, up-to-seven criteria and Hangzhou
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Oncotarget s354 www.impactjournals.com/oncotarget criteria [4] [5] [6] . These criterias enabled more patients to qualify as transplant candidates but without greatly compromising the long-term survival. According the previous studies, the 5-year survival could reach up to 78.3% for the Milan criteria, 72.4% for the UCSF, 71.2% for the up-to-seven and 72.3% for the Hangzhou criteria [4] [5] [6] . Recently, large sample size studies from eastern and western liver transplantation centers had reported the superiority of transplantation over resection for HCC beyond the Milan criteria without major vascular invasion [3, 7] . Moreover, study from Bruix, et al. and Volk et al. suggested that transplantation for HCC without dropping to 50% of 5-year overall survival was acceptable [8, 9] . These evidences suggested that some HCC patients beyond the transplantation criterias could benefit from the transplantation. However, when expanding the transplantation criteria, we still observed that there was a decrease in the long-term survival. This suggested that tumor characteristics like tumor number and tumor size remained to be determinant factors for the prognosis [10, 11] . Since more HCC patient receiving the LT, the individual survival prediction was crucial in clinical practice. An accurate prognostic prediction after transplantation could guide postoperative monitoring and adjuvant therapy. Currently, there was no standard approach for prediction of prognosis for transplantation patients. Numerous studies had suggested that nomogram is of great value to predict long-term prognosis using a simple graphical representation in various cancers including HCC [12] [13] [14] .
The aim of the current study was to create nomograms to predict OS and RFS following LT and stratified the prognosis.
RESULTS

Demographics and clinicopathological characteristics
A total of 209 HCC patients were included in the present study. Baseline information was summarized in Table 1 . There were 183 patients with age ≤ 60y (87.6%) and 184 male patients (88.0%). The majority of patients (92.3%) suffered from HBV infection. Before transplantation, 43 (20.6%) had underwent TACE and 22(10.5%) patients had underwent RFA. There were 58 patients (27.8%) with the presence of microvascular invasion (MVI), 16 patients (7.7%) with the presence of satellite lesions, 71 patients (34.0%) with poor tumor differentiation. 39 patients (18.7%) had two tumors and 27 (12.9%) had more tumors. Tumor size was 4.0 ± 3.0cm. Among the patients, there were 128 patients (61.2%) within the Milan criteria, 147 patients (70.3%) within UCSF criteria, 146 patients (69.9%) within up-toseven criteria and 156 patients (74.6%) within Hangzhou criteria. (Table 1) . Table 2 ).
Risk factors analysis and nomograms construction
The nomogram predicting 1-, 3-and 5-year OS were constructed based on the independently prognostic markers for prognosis in Cox model. The risk of tumor size on prognosis was linear and tumor size = 16 cm could be assigned 100 points. Tumor number (one /two/ more) was assigned with 0/18.3/36.7 points for OS and 0/48.2/96.4 points for RFS, respectively. Poor tumor differentiation was assigned with score of 57.7 points for OS and 73.5 points for RFS, respectively. The nomogram could assign the probability of OS by summing up the scores identified on the points scale for each risk factor. The total score projected to the bottom scale indicated the probability of 1-, 3-and 5-year OS ( Figure 1A) . Similarly, the RFS nomogram was constructed based on the three factors ( Figure 1B) . A higher score was associated with worse prognosis.
Predictive performance and prognostic discrimination of the nomogram
The OS nomogram achieved a C-index of 0.70 (95% CI: 0.62-0.78). The C-indexes of the four liver transplantation criteria in predicting OS were 0.62 for the Milan criteria, 0.61 for the UCSF, 0.59 for the up-toseven criteria, 0.61 for Hangzhou criteria, lower than the proposed nomogram (c index:0,70, p < 0.05 for all). The bootstrap-corrected calibration curves of the nomograms for the predictive probability after surgery fitted well with the observed probability of OS at 3 or 5 years ( Figure 2 ). The RFS nomogram achieved a C-index of 0.74 (95% CI: 0.62-0.86). The prognosis was also analyzed by the Milan criteria, UCSF criteria, up-to -seven criteria and www.impactjournals.com/oncotarget 
37.3 ± 6.9 Hangzhou criteria. Patients within these criteria had significantly better prognosis than that beyond these criteria ( Figure 3) . Of all patients, total point ranged from 0 to 151 points, which was equally divided in four groups. Prognostic discrimination was performed using Kaplan-Meier method among the four groups (A: 1.8-39.2; B: 39.2-76.5; C: 76.6-113.9; D: 113.91-151.3). Patients in the group A and B had similar prognosis (p > 0.05). We then combined the group A and B into A' (0-76.5 points). Patients in group A' had a 5-year survival rate of 86.1%, patients in group B'(76.5-113.9 points) had a 5-year survival rate of 59.1%, whereas patients in group C'(113.9-151.3 points) had a 5-year survival rate of 28.9% (P < 0.001). Ultimately, the prognostic score was able to stratify patients into 3 distinct prognostic groups (Figure 4 ).
DISCUSSION
Liver transplantation provides the best oncological resection and simultaneously solves the underlying liver dysfunction. The Milan criteria based on tumor number and tumor size is widely accepted for liver transplantation [2] . In order to benefit more HCC patients, expansion [4] [5] [6] . Meanwhile, recent studies had demonstrated that patients with HCC beyond the Milan criteria gained more survival benefits from transplantation than surgical resection [3, 7] . Moreover, living donor LT (LDLT) had alleviated the shortage of liver donation without promising outcome compared with donation after cardiac death liver transplantation [17] . There was increasing number of HCC patients beyond the transplant criteria receiving LT. For postoperative individual survival prediction, we created a predictive model. In this current study, we included patients within and beyond transplantation criteria. Patients with major vascular invasion were excluded since advance stage HCC were not recommended for LT in our center. Based on multivariate analysis, tumor size, tumor number and tumor differentiation were included in this model. Tumor size and tumor number were most important indicator of tumor burden. The two factors greatly impacted the prognosis of HCC after LT and surgical resection [18, 19] . Consistent with previously published studies, poor differentiation was related to high incidence of recurrence and poor survival after hepatecomy or after transplantation [20] . Zheng SS, et al. and Cillo U, et al. took tumor differentiation into account for selecting the HCC recipient to achieve satisfactory long-term survival, [5, 21, 22] .
Some studies suggested the combination of AFP could increase the accuracy for predictive model [23, 24] , while some study did not demonstrated the prognostic value of AFP [4] , The role of AFP on patient long-term survival after liver transplantation remains controversial. In the current study, preoperative serum AFP leve was not identified as a predictor in the multivariate model although it was signicficant in the univariate analysis. These retrospective studies and small sample size might give rise to these differences. MVI was an established risk factor in HCC. It has predictive value for HCC patients undergoing hepatetectomy or LDLT [25] . However, some study indentified that it had limited predictive value in the prognosis in transplanted patients including the current study [26] . In our study, we used the status of tumor differentiation to represent the tumor biology instead of MVI [5] . Recently, one multicenter and large sample size study suggested bridging locoregional therapy in HCC patients does not improve post-LT prognosis [27] . Our study was consistent with this result. There was 73 (34.9%) HCC patients undergoing LDLT. Many studies including our previous study demenstrated there was no statistically difference between the HCC patients after DCD and LDLT [28, 29] .
Currently, our nomogram incorporating tumor size, tumor number and tumor differentiation was applied to individual survival prediction. Formerly Sudan, D. et al. constructed a nomogram for hepatocellular carcinoma recurrence after LT with high C statistic of 0.79 [30] . Feng Shen et al. developed nomograms for prediction of individual survival of patients who recelved salvage LT after hepatectomy with c static of 0.72 and 0.77 [31] . In our study, we exluded HCC patients with major vascluar invasion or patients with recurrent HCC after hepatectomy. We constructed the DFS and OS nomogram using the three simple virables.
Our prognostic nomogram reflected not only tumor morphology but also tumor biology, possibly resulting in better predictive performance. The proposed nomogram demonstrated good discrimination, with a C-index of 0.70 for OS, while the C-index of Milan criteria was C-index 0.62, UCSF criteria was 0.63, up-to-seven Oncotarget s359 www.impactjournals.com/oncotarget criteria was 0.59 and Hangzhou criteria was 0.61. These established transplantation criteria were effective and widely acceptable for HCC patient selection. However, for individual survival prediction, they might have some limitations. From the current nomogram, the predicted survival rate was similar to actual survival calculated from the Kaplan-Meier test. Moreover, the proposed nomogram had good internal validation after 1000-bootstrapped resample.
Each patient could gain a score based on the three factors in our model. We stratified all patients into three groups with distinguished prognosis based on the score. Patients in group A' had a 5-year survival rate of 86.1%, patients in group B' had a 5-year survival rate of 59.1%, whereas patients in group C' had a 5-year survival rate of 28.9%. The prognostic score is simple and effective in stratifying the different prognostic factors. Previous studies suggested that 5-year survival rate above 50.0% Oncotarget s360 www.impactjournals.com/oncotarget after LT is acceptable [8, 9] . From our study, patients with score above 113.9 points had poor prognosis after transplantation. This might aid in deciding organ allocation for liver transplantation if the status of tumor differentiation can be identified by biopsy before LT. Notably, this nomogram was helpful in individualized post-operative survival prediction in clinical practice.
However, the current study had several limitations. Firstly, this was a retrospective study and the sample size was relatively small. The nomogram for recurrent HCC after hepatectomy required to be created in future study. Secondly, this nomogram had good performance for prediction of prognosis but it required external validation. Thirdly, preoperative liver biopsy was needed to indentify tumor differentiation. This might limit the wide application for recipient selection.
MATERIALS AND METHODS
Patients
Between Juanuary 2002 and September 2015, 209 qualified HCC patients who received liver transplantation in the West China Hospital were collected for this study. All recipients were followed up until June 2016 or until death. The inclusion criteria: 1) histologically proven to be HCC; 2) without major vascular invasion. The exclusion criteria: 1) concurrent malignancy; 2) initially treated by hepatectomy; 3) died within 3 months; 4) follow up for less than 6 months. All liver grafts were voluntarily donated after cardiac death or by living donors. All donations were approved by the West China Hospital Ethics Committee. This retrospective study was conducted in accordance with the Declaration of Helsinki and was approved by the Ethic Committee of West China Hospital.
Post-transplantation immunosuppression and antiviral protocol
Immunosuppression and antiviral protocol were same as our previous study [15] . The basic regimen of immunosuppressive therapy consisted of corticosteroids, Tacrolimus (TAC) and mycophenolate mofetil (MMF). Methylprednisolone was given intravenously on the first week after transplantation. Intravenous corticosteroid was changed to oral prednisone, which was also withdrawn 3-6 mo after transplantation. The initial dose of TAC was 0.05-0.10 mg/kg per day and was adjusted according to liver function and TAC serum concentration. MMF was individualized between 1.0 g/d and 1.5 g/d initially and was discontinued when severe side effects occurred and in long-term survivors with stable graft function after 6 months post LT. After 6 mo post-LT, we reduced the TAC dosage very slowly and carefully while closely monitoring allograft function to maintain TAC concentration as low as possible. Steroid pulse therapy was used after the rejection developed.
For patients with HBV infesction, 4000IU of hepatitis B immune globulin were administrated at the anhepatic phase. Lamivudine was also administrated and hepatitis B immune globulin was regularly administered after surgery.
Follow up
TAC concentrations, allograft function and renal function were monitored daily during the first week following transplantation, weekly during the first month after LT, monthly within 3 mo and every 3-6 mo thereafter. The patients were followed up for HCC recurrence every 3 mo for the first years, every 3-6 mo thereafter. Alphafetoprotein level (AFP) test and liver ultrasound were performed at each investigation. Suspicious lesions in the liver or lung were confirmed by magnetic resonance imaging (MRI). Resection, radiofrequency ablation (RFA), transcatheter arterial chemoembolization (TACE), systematic therapy and best care support were recommended for HCC recurrence by the Multidisciplinary Team (MDT) based on the transplanted liver, tumor status and general condition of the patients. Overall survival (OS) was defined as time from operation to death or the last date of followup. Recurrence free survival (RFS) was defined as the time from operation to the day of HCC recurrence including intra-hepatic recurrence and/or distant metastases. The primary endpoint was overall survival.
Statistical methods
Continuous variables were expressed as mean ± standard deviation and compared by Student's t test or Mann-Whitney U test (non-normal distribution data). Categorical data was shown as frequency and assessed by Fisher's exact test and two-tailed χ 2 test. Survival curve was plotted using the Kaplan-Meier method and compared using the log-rank test. Potential risk factors with P < 0.1 in univariate analysis were included in the Cox proportional hazards model using forward step-wise selection process. The statistical analysis was carried out using the SPSS 20.0.
Independent variables were then incorporated into the nomogram using the package of rms in R. The predictive performance of the nomograms were measured by concordance index (C-index) using the rcorrp.cens package in Hmisc in R and assessed by calibration curve comparing nomogram-predicted versus actually observed Kaplane-Meier estimates of probability [12, 16] . Bootstraps with 1000 resample were used when generating calibration curve. The statistical analysis was carried out using R software version 3.3.0. All tests were two-sided and a p value < 0.05 was considered statistically significant.
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